The century-old controversy over two contradicting theories on radiation pressure of light proposed by Abraham and Minkowski can come to an end if there is a direct method to measure the surface deformation of the target material due to momentum transfer of photons. Here we have investigated the effect of radiation pressure on the surface morphology of Graphene Oxide (GO) film, experienced due to low power focused laser irradiation. In-depth investigation has been carried out to probe the bending of the GO surface due to radiation pressure by Atomic Force Microscopy (AFM) and subsequently the uniaxial strain induced on the GO film has been probed by Raman Spectroscopy. Our results show GO film experience an inward pressure due to laser radiation resulting in inward bending of the surface, which is consistent with the Abraham theory. The bending diameter and depth of the irradiated spot show linear dependence with the laser power while an abrupt change in depth and diameter of the irradiated spot is observed at the breaking point. Such abrupt change in depth is attributed to the thinning of the GO film by laser irradiation.
1
. Contradicting theories established by Minkowski 2 and Abraham 3 about the momentum of light have initiated this debate. Minkowski's electromagnetic theory explains that within a dielectric medium of refractive index n, the energy of light pulse can be defined by nE/c, whereas according to Abraham's theory it is equal to E/nc. Due to the difference in consideration of light momentum in Abraham and Minkowski model, the direction of interface movement by radiation pressure on the dielectric medium becomes opposite to each other. According to Ashkin and Dziedzic 4 , Abraham radiation pressure results in an inward movement of the surface whereas Minkowski pressure results in an outward movement. Loudon's theory on radiation pressure 5 supports Abraham light momentum where the dielectric surface feel inward radiation pressure when light enters (or leaves) the dielectric surface which gain (or lose) a momentum of 2E/c(n− 1) (n+ 1) [or 2E/(nc) (n− 1) (n+ 1)] from light. On the contrary, Minkowski theory exhibits an outward radiation pressure when light interact with surface and the amount of momentum change of the surface will be 2E/c(n− 1) (n+ 1) [or 2nE/c(n− 1) (n+ 1)]. Theoretical and experimental studies over the past few years support both the theories one over the other, which kept the controversy alive [6] [7] [8] [9] [10] [11] [12] [13] . The first significant experiment, in support of Minkowski momentum, has been conducted by Ashkin and Dziedzic 4 by passing a laser beam through a glass cell containing air and water, where the outward direction of net force at the surface validate the Minkowski momentum. Attempts are made to resolve the controversy between Abraham and Minkowski by theoretical approach, identifying Abraham momentum as kinetic momentum and Minkowski momentum as the canonical momentum shown by Hinds et al. 8 . However most of such investigations have been conducted in air-liquid interfaces only 12, 14 . Is the radiation pressure of light capable of modifying the surface of a solid as well? This question is still debatable due to the absence of any direct observation of surface modification of solid occurred due to the radiation pressure of light. It has been reported that using an all-optical pump probe photo thermal method or photo thermal mirror, the radiation pressure can be detected in a transparent dielectric solid 7 . In another report, She et al. 15 validate the Abraham's momentum, where by using a silica filament (SF) it has been shown that light exerts an inward push force on the free end of silica nano-filament. However, it is also important to understand the nature of surface modification i.e. shape, size and its dependence on the radiation power.
In case of bulk material, the absence of suitable targets to show surface deformation due to very small change in momentum of the incident light and the complicacy to conduct such experiments are the major limitations to Scientific RepoRts | 7:42538 | DOI: 10.1038/srep42538 produce direct proof of the existence of radiation pressure 1, 11 . However nanomaterials, especially 2D nanoflakes could be the potential candidates to demonstrate such light-matter mechanical interaction as they are intrinsically lightweight structures having very high surface to volume ratio and strong covalent structure to sustain localized radiation pressure [16] [17] [18] [19] . In a report, Conti et al. 20 have predicted that graphene, which is one of the strongest and lightest nanomaterial, can be a good candidate for such radiation pressure experiments and can open a new path to solve the fundamental problems like Abraham-Minkowski dilemma or Casimir effect, in which the material needs to sustain very high localized opto-mechanical pressure. Graphene derivatives have already shown potential application in ultrafast photonics such as saturable absorber for laser mode locking 21, 22 . Mechanical properties of Graphene and GO have already been well established by using AFM, where stress is generated either by nano-indentation or by bending the flakes using AFM tips 18, 23 . Although these experiments are successful to characterize the linear stress-strain curve for graphene films but there is no report available investigating opto-mechanical pressure on graphene or its derivatives.
Herein, we report for the first time direct observation of surface deformation on thin film of two dimensional GO due to the radiation pressure of low power laser irradiation. We have systematically examined the geometry of the deformed surface of GO films and have established its dependence on laser power. AFM analysis provides the direct evidence of inward bending of the surface due to the radiation pressure, where Raman spectra of the GO films reveal the information about the strain generated inside the film due to laser irradiation.
To investigate the effect of light radiation pressure we have irradiated GO thin film using a focused 532 nm continuous wave laser through confocal Raman Microscope arrangement and simultaneously recorded the real time Raman spectra with different laser power. The laser power has been varied using the controller micro-meter screw of the laser system which has a non-linear response (calibration curve is provided in supplementary S1). Atomic Force Microscopy (AFM) is used to investigate the change in surface morphology of the irradiated spot on GO film, where laser power dependent bending of the irradiated surface has been observed. (G-band) and ~2700 cm −1 (2D-band) are present in the Raman spectra of the as grown GO flake (Fig. 1c) . FTIR spectra (Fig. 1d) Water dispersed GO flakes are drop casted on Si wafer to deposit the GO thin film on which the laser irradiation is carried out for various laser power and exposure time to conduct radiation pressure measurements. The schematic of the experimental procedure of laser irradiation and the surface modification of GO film due to radiation pressure is shown in Fig. 2 . GO film is irradiated with 532 nm laser through a 100X objective. We have observed two distinct type of surface modification of the GO solid surface. At low power region (<1.59 mW), bending of the GO surface is observed whereas at higher laser power (≥1.59 mW) irradiation, etching of the GO surface is prominent, which we have explained in detail in the later part of the manuscript. Figure 3 (a,b) demonstrate the AFM images of surface deformation on the GO film occurred due to laser radiation pressure. Apart from AFM, the surface deformation of the GO can also be identified through optical microscope and scanning electron microscope (SEM) as demonstrated in Supplementary S2. Initially at very low laser power (<0.028 mW), the surface deformation of the GO film is negligible and the bending depth is not significant enough to distinguish it from the intrinsic surface roughness of the film. Figure 3a shows the AFM image of the GO film having the surface deformation at the laser irradiation spot for laser power varying from 0.028 mW to 12.78 mW. For each laser power, three laser shots are taken to get the average depth and diameter of the deformed area of the GO surface. To have a closer look on radiation induced bending on GO surface, measurements are further done on more number of laser irradiated spots for laser power varying from 0.26 mW to 1.48 mW (shown in Fig. 3b ) where the depth varies from 34 nm to 98 nm. The AFM image shown in Fig. 3b gives in-depth information about the bending depth and diameter of the laser irradiated spots. Fig. 3 (c-f) show the 3D view of the AFM image of the deformed GO surface with laser irradiation power of 0.26 mW (Fig. 3c) , 0.78 mW (Fig. 3d) , 0.96 mW ( Fig. 3e ) and 1.48 mW ( Fig. 3f ) with bending depth of 34 nm, 69 nm, 77 nm and 98 nm respectively. Interestingly, it has been noticed that once the laser reaches to the threshold power ~1.59 mW, the etching is initiated on GO surface due to laser irradiation. Thus in this particular case, for laser power below ~1.59 mW, the film undergoes bending on its surface due to laser radiation pressure, whereas for laser power above ~1.59 mW, the etching of GO film is initiated, which we have identified as the 'Breaking point' . Figure 3g shows the 3D representation of the surface morphology of the void on GO film, created due to etching of the surface by 1.59 mW focused laser beam. Figure 3h shows the plots of depth profile at laser irradiated spot on GO surface for various laser power. It is confirmed from the curve fitting that the depth profile of the modified surface, below the threshold power, follows the Gaussian distribution, which is consistent with the Gaussian nature of the laser beam. However the depth profile of the etched surface due to 1.59 mW laser power follows the Lorentzian distribution. The bending of the GO surface at 0.028 mW laser power gives rise to bending depth of ~14 nm and with further increase in laser power to ~1.48 mW, the bending depth increases to ~98 nm. However when the laser power reaches the threshold power to ignite the etching of GO surface, which is the breaking point, the depth of the irradiated spot abruptly increases. It is observed that for 1.59 mW laser irradiation, the depth jumps to 165 nm, creating a void (Fig. 3g) on the GO surface. Throughout all these experimental results it is very clear that the laser radiation results bending of the GO surface and the bending is in the inward direction of the solid surface. The radiation pressure experienced due GO thin film was irradiated by a 532 nm laser beam through a 100X objective (NA 0.9). For low laser power the irradiated spot shows bending of the GO surface, whereas for high power laser irradiation etching of GO surface takes place. The GO thin film bends due to radiation pressure whereas the void formation takes place for high power laser irradiation.
Results and Discussion
to photon momentum transfer to the GO film, bends the surface in the direction of propagation of light, which supports the theory of Abraham over Minkowski.
The theoretical formulation on the effect of laser power with the bending depth is well established by several research groups 12, 14 for both inward and outward movement of the surface as a consequence of the Abraham or Minkowski theory of light momentum. The depth of the deformed surface and the change in diameter varies linearly with the change in laser power for both the inward and outward movement of the surface, which is an established theory for air-water interface 6, 12 . In support of Minkowski momentum, Verma et al. 12 have shown that the relation between bulge height and laser power as
, where h is bulge height at the centre, P 0 is the power of laser used, n i is refractive index of air-water interface, θ i is the angle of incidence. Whereas Zhang et al. 6 have shown that the height at the centre of the spot relates to the laser power as
Here the gamma function is a positive factor thus the height of the surface will be negative i.e. the surface will bend towards inward direction as a consequence of Abraham pressure. However, all these experimental calculations 4, 6, 11, 12 have used air-water interfaces, which is different from our study on interface of air and solid surface of GO films. In case of air-water interface the refractive index plays an important role in controlling the surface height since the major part of the light transmits through the 2 nd medium. However in our study we can avoid the effect of transmission as reflective property of GO film on Si substrate is dominant rather than the transmission. So neglecting the transmission effect, the expression of h 0 becomes simpler and we can consider the refractive index part as a constant. This will lead to vary h 0 linearly with the applied laser power. We have thoroughly measured the bending depth of each laser irradiated spot as well as the diameter of the bending area by using AFM. Figure 4(a,b) show the plots of depth and diameter of the bending dip respectively with the variation of laser power. It leads us to the conclusion that the bending depth and the diameter of the laser irradiated spot initially varies linearly with the radiation power, until the laser power reaches the breaking point where the etching of GO surface is ignited, leading to abrupt increase in the depth and decrease in the bending diameter. The linear dependence of these two parameters (depth and diameter) fits well with previous experimental results reported by other groups to probe radiation pressure of light 6, 11, 12 . It has already been reported and well accepted in scientific community that in case of air-water interface the relation between strain (bending depth) and the change in stress (variation in laser power) should have linear dependence 6, 12 . In our case, the laser radiation pressure acts as stress on the GO film and creates strain by bending the surface towards inward direction of the GO surface. As stress is enhanced with increasing laser power the bending diameter and depth increases. From Fig. 4(a,b) it is quite evident that the relation between stress and strain is linear for laser power lesser than the breaking point (at 1.59 mW laser power). At 1.59 mW laser power, the diameter and depth of the GO films changes abruptly, where the bending diameter changes from 1.3 μ m to 0.4 μ m, while the bending depth increases from 98 nm to 165 nm. At the breaking point, the diameter of the bending dip decreases abruptly due to release of the strain on the crystal structure while the etching is initiated. We have also calculated the radiation force applied on the GO surface, obtained simply by using the formula F = 2 P⁄c, where P is the laser power and c is the velocity of light. Figure 5a shows the force-distance curve for the above mentioned system, whereas Fig. 5b shows the stress-strain curve of the system. The applied force (or stress) and the bending depth (or strain) exhibit excellent linearity below the breaking point where the applied force is 0.01 nN. At the breaking point (1.59 mW laser power or 0.01 nN force), the depth increases abruptly to 165 nm. The spring constant calculated from the force-distance curve (Fig. 5a ) is ~1.31 × 10 −4 N/m for the GO thin film. Figure 5b shows the stress-strain (or force-strain) curve of the laser irradiated GO system which shows the linear behaviour of the stress-strain curve below the breaking point.
Another significant aspect of these experiments is that for the first time we have demonstrated a novel method to create nano-patterns on GO surface by direct laser writing using very low power (minimum 1.59 mW) continuous focused laser beam. By focusing the laser with 100X objective on GO surface we have successfully achieved the minimum spot size of ~300 nm, which is very close to the diffraction limit of the 532 nm laser according to Abbe diffraction limit for a microscope [λ /(2x(NA))]. Previous attempts by other research groups have demonstrated etching of GO by using high power femto-second laser with focused laser beam of lower wavelength which limits its resolution to sub-micron range 24, 25 . As mentioned in the previous section, simultaneous Raman spectroscopy has been carried out while irradiating the GO film with focused laser of various laser power. A grating of 1800 grooves/mm was used to investigate the spectral distribution of the scattered light coming from GO film through the confocal arrangement of the microscope. Figure 6a shows the Raman spectra of the GO films for different laser power in which the prominent peaks are D (~1350 cm −1 ) and G (~1585 cm −1 ) band. Also second order peak of Si is prominent for laser irradiation power higher than breaking point (>1.59 mW). The D peak corresponds to the vibration mode due to crystallographic defects on graphene carbon ring (A 1g ) whereas the G peak is due to the C-C vibration mode (E 2g ) 26 . In recent past, some efforts have been made to investigate mechanical properties of graphene by using Raman spectroscopy, where mechanical strain has been created on graphene by bending of polymer substrate or by nano-indentation method and the effect of uniaxial strain on Raman Spectra has been investigated 23, [27] [28] [29] [30] . Gómez-Navarro et al. 29 have investigated the elastic properties of chemically derived graphene sheets, where the applied force and the AFM tip induced bending depth obeys the linear relation for incremental deformation. Using Raman spectroscopy we have intended to investigate the mechanical strain on GO film, originated from the laser radiation pressure. Raman spectrum of GO film for laser irradiation power varying from 0.028 mW to 12.78 mW confirms significant change in peak intensity and the peak position for both D-band & G-band as shown in Fig. 6a . The plots of relative peak intensity for D-band and G-band for various laser irradiation power are shown in Fig. 6b , which shows clear linear dependency. From the AFM results, as demonstrated in previous section, we have already confirmed that the bending due to laser radiation pressure on GO film is visible significantly for laser power range ≥0.028 mW and <1.59 mW, whereas the etching process starts after laser power reaches 1.59 mW. Comparable conclusion reflects in Fig. 6b where the rate of change in D peak intensity [I(D)] for the laser power ranging from 0.028 mW to 0.67 mW is 1.94 arb. unit/mW whereas beyond that range the value drops to 0.25 arb. unit/mW. Similar kind of response is observed for the G peak intensity [I(G)] as well, where the rate of change of I(G) value jumps from 1.62 arb. unit/mW to 0.20 arb. unit/mW. Nearly 8-fold decrease in rate of change of intensity can be well understood if we divide the total system into two distinguishable parts. The first part is marked with green colour in Fig. 6b which shows faster rate of change in intensity and occurs while the laser radiation bends the surface. The second part, marked with red colour in Fig. 6b with slower rate of change in intensity of I(D) and I(G) occurs when the laser power reaches the breaking point and the etching of the GO surface is initiated. Thus the Raman spectroscopy can be used to find the breaking point where the bending due to laser irradiation stops and the etching of GO starts. In addition it can also be noticed from the Fig. 6a that the second order Si peak at ~900 cm −1 becomes prominent after the laser power crosses 1.59 mW, as the Si substrate get exposed to the laser radiation due to the etching of GO film.
More detailed information about the laser radiation pressure induced strain on the GO film, can be explored by a closer view of the peak position of the Raman spectra. Since G-band plays an important role to characterize carbon nanomaterials, its peak position has been investigated by various groups to understand its dependence on applied uniaxial strain 27, 28, 31 . Although there are few reports available regarding the effect of applied strain on Raman spectra of graphene, Mohiuddin et al. 27 have described well regarding the evolution of G peak position with the applied uniaxial strain. The shear component of the strain splits the G band into G + and G − peaks when the graphene surface bends and the hydrostatic component of the strain shifts the G peak at a rate of 10.8 cm
In another report 28 , the rate of change of G + and G − peak position with the applied strain is found to be 12.5 ± 2.6 cm /% respectively. Although both the experiments have followed similar kind of technique to apply uniaxial strain but there is a significant difference in the rate of change of G peak (for both G + and G − ) position. However, the trend followed by the G peak is similar to both the cases upon applied strain. In our experiments the light is incident on the sample in normal direction, so we can ignore the infinitesimal shear component of the strain produced due to radiation pressure which fits well with the Raman results (Fig. 6 ) of the GO film as no significant splitting of the G mode is found. Figure 6c demonstrates that initially the G peak position shows red shifts due to the strain generated by the radiation pressure of light as a result of elongated bond length originated due to the bending of the GO surface. However when the laser power reaches the breaking point (1.59 mW) where the etching starts, the uniaxial strain is released due to relaxation of the crystal structure of GO and a sudden blue shift occurs in the G-peak position. This response matches very well with the previous reported results 16, 29 , where red shift occurred due to uniaxial strain on graphene and the response flipped beyond the breaking point. We have noticed similar kind of response with the D-peak position as well, shown in Fig. 6d which implies the whole spectra shifts while experiencing radiation pressure of laser light. Thus Raman spectroscopy could be an important tool to qualify and quantify the presence of radiation pressure of light on solid surface.
Conclusion
In summary, we have successfully demonstrated an inward bending of GO thin film surface, due to low laser power irradiation of a 532 nm focused laser beam, which follows Abraham theory of light radiation pressure. Bending of GO thin film has been noticed for laser power below 1.59 mW and beyond which the laser beam ignites etching of the GO surface. The above mentioned inward bending and etching of GO surface has been thoroughly investigated by using AFM and Raman spectroscopy. AFM studies reveal that for very low laser power, ranges from 0.028 mW to 0.67 mW, the surface of the irradiated spot undergoes bending due to light radiation pressure with bending depth varying linearly from 14 nm to 97 nm. Abrupt change in bending depth and diameter at 1.59 mW laser power breaks the linearity which has been identified as 'Breaking point' . Similar kind of distinguishable response occurs in the rate of change of Raman intensity for both the G-band and D-band where 8-fold decrease in the intensity is observed after the incident laser power reaches the breaking point. The rate of change in Raman intensity confirms that focused laser beam modifies the surface in two different ways; initially bending of the surface due to radiation pressure and finally etching of the surface due to laser irradiation. With the variation of laser power, the peak position of G-band and D-band initially shows red shift due to uniaxial strain induced in the GO thin film, however a sudden blue shift can be observed as the laser power reaches the breaking point where the uniaxial strain is released abruptly due to etching of GO layers. Our results suggest that the effect of radiation pressure on GO thin film follow Abraham model of radiation pressure or momenta of light, which is the first experimental observation of radiation pressure on any solid nanomaterial surface. These experimental results enlighten the age-old controversy Abraham-Minkowski dilemma and may also pave a path towards the novel route of nanopatterning of graphene derivatives for various electronic and optical applications. 
Preparation of Graphene Oxide (GO).
The graphene oxide flakes are prepared by modified Hummer's method 32 . Briefly, 9:1 mixture of concentrated H 2 SO 4 (120 mL) and H 3 PO 4 (13 mL) are added to a mixture of Graphite (1 g) and KMnO 4 (6 g) powder. The solution is heated to 55 °C and kept in stirring condition for 12 hrs. Then the solution is cooled to room temperature and poured into 400 mL ice cooled DI water with 30% H 2 O 2 . Exfoliated GO precipitation is collected after centrifugation followed by washing in DI water, 30% HCl and ethanol for three times each. As synthesized GO flakes in powder form are dried in 80 °C for 12 hrs and then dispersed in DI water. The dispersed GO flakes are simply drop casted on the Si substrate and dried in an oven at 150 °C for 2 hrs.
Measurements. The thickness of the thin film is monitored by profilometer (Bruker DektakXT) which is ~300 nm. Both the AFM and Raman studies are conducted on the same GO thin film, homogeneously distributed on the Si substrate. A Raman spectrometer system (Witec alpha 300 R) is used to irradiate the GO film with focused laser coming from 100X objective of a confocal microscope. An Nd:YAG continuous laser of 532 nm wavelength is used to irradiate the GO surface with varying laser power. Real time Raman signals are recorded which is discussed in detail in the manuscript. Surface deformation of the GO films is investigated by Bruker Multimode AFM system in 'tapping mode' which reveals in-depth information about the shape and size of the deformed surface of GO films, showing the dependence on the irradiated laser power. Laser irradiations on the GO films as well as all characterizations are conducted in an ambient environment. Laser power is calibrated with the micro-meter scale, present in the laser source, using Thorlabs optical power meter (PM100D). The calibrated laser power with the micro screw is shown in Fig. S1 . The morphology of the GO sample was characterized by JEOL JSM-IT300 scanning electron microscope and JEOL JEM2100 transmission electron microscope. FTIR spectroscope (Agilent Cary 660 FTIR) was used to characterize the functionalization of the GO surface.
